The triode structure vertical carbon nanotube based nanoelectromechanical switch shows excellent low voltage drive ͑ϳ4.5 V͒, owing to its vertical gate and the narrow gap between structural elements. The insulator deposition and the selective etching process steps simplify fabrication through self-alignment. The thickness of the insulator determines the width of the gap and the etching process, used to produce the vertical gate, removes the need for a complicated lithography step. The low drive voltage increases device stability and reliability and allows the device to be deployed in a wide range of applications.
The nanoelectromechanical ͑NEM͒ switch has great potential in electronics as well as in mechatronic applications as it is a basic unit block for various devices and has a small characteristic dimension. In particular, the use of a nanotube or nanowire in a NEM switch brings significant advantages to the fabrication of a device as nanostructures may be achieved without complicated lithography and etching processes. Some NEM device results using carbon nanotube ͑CNT͒ have been published. However, applications are limited due to their simple diode structure or complicated fabrication process. [1] [2] [3] We have already shown the triode vertical NEM switch employing CNTs and the possibility of using it in various applications. 4, 5 However, the high drive voltage ͑ϳ20 V͒ may cause reliability problems and require a high quality insulator, reducing the range of possible applications.
Here, we report a NEM switch design that has a half-cylinder vertical gate structure and a self-aligned fabrication process. This device structure decreases the required driving voltage drastically, increases device stability, and can achieve higher integration densities. Figure 1͑a͒ shows the simulation data of the electrical potential distribution of a CNT-NEM switch, which consists of two vertical CNTs and a planar gate electrode. 4 The distance between the drain and the gate structure is the main factor determining the drive conditions, with others being the diameter, length, and wall number of the CNTs. 6, 7 However, the simple planar gate structure imparts a very small electrostatic force to the drain as compared to that of a vertical structure. Although the electrostatic force between the source and drain can effect driving characteristics, its influence nega͒ Authors to whom correspondence should be addressed. Electronic addresses: jongkim@samsung.com and gaja1@cam.ac.uk. ligible as the potential difference between them must be kept low to increase the reliability of the device and reduce electrical damage when the structure holds a conductive material in nanogripper applications. We have already fabricated a vertical CNT gate structure, but the decrease in the drive voltage is small ͑ϳ2 V͒ 4 as there is still a large gap between the drain CNT and the gate CNT. The electrostatic force induced between the drain and the gate is proportional to 1 / d 2 , where d is distance between them. 6, 7 The vertical aligned CNTs were grown from Ni catalyst dots with a diameter of 150-180 nm. The grown diameter of CNT was 50-70 nm. [8] [9] [10] [11] This limits the minimum distance between the CNTs to about 100 nm, so an alternative method of fabricating a gate structure is required. Figure 1͑b͒ shows the potential distribution of the new vertical gate structure suggested in this paper, using a simple thin film process. The narrow gap and vertical structure of the gate increase the electrical field strength between the drain and the gate and will therefore mean that this device can operate at a lower drive voltage than that of the planar gate device.
The fabrication process and scanning electron microscope ͑SEM͒ images are shown in Fig. 2 . After the formation of the electrodes, Ni catalyst was deposited for the growth of CNTs. The CNTs were grown by direct current plasma enhanced chemical vapor deposition ͑PECVD͒ using NH 3 and C 2 H 2 gases. The details can be found elsewhere. [8] [9] [10] [11] To make the vertical gate structure, a SiN x layer was deposited by PECVD ͑ϳ30 nm͒. E-beam resist was then coated onto the structure to a thickness of 2 m. To make the half-cylinder shape of the gate, the substrate is tilted by about 10°during the e-beam lithography process. This process removes the necessity of a precise alignment step to form the gate structure ͓Fig. 2͑b͔͒. A layer of Cr was deposited onto the resist using either sputter coating or angular evaporation then "lifted off" in acetone to form the gate ͓Fig. 2͑c͔͒. Another polymer resist was coated onto the device by spin coating. The poor step coverage of the spin coated resist layer meant that the vertical SiN x / CNT structure had a much thinner polymer coating than the substrate. A short oxygen plasma ashing removed the resist layer on the vertical structure and the resist layer remained on the bottom SiN x and the electrodes ͓Fig. 2͑d͔͒. The exposed SiN x layer on the CNTs was removed by a silox wet etching process ͓Fig. 2͑e͔͒. The SiN x deposition process is important in the facilitation of the device construction as the SiN x film thickness decides the distance between gate and drain multiwalled CNT ͑MWCNT͒, so that the very narrow gap ͑ϳ30 nm͒ between them is formed without complicated lithography or etching processes. This narrow gap relates directly to the strength of electric field distribution and can reduce the drive voltage of the NEM switch device, although the quality of the SiN x must be high to withstand the greater field strength. Additionally, because the SiN x layer remains in the junction between the CNTs and their supporting electrodes due to the resist thickness, it increases the mechanical strength of the junction, which is the weakest part of this device during repeated deflection cycles. Figure 3 shows the currentvoltage characteristics with increasing gate bias on the modified structure. The earth ground, constant positive bias, and increased positive bias are applied to source CNT, drain CNT, and gate, respectively. This NEM switch is driven by the combination of electrostatic force, elastostatic force, and van der Waals force in the device. Before the contact between CNTs, there is no current flow between the drain and the source. As the gate voltage is increased, the electrostatic force between the gate and the drain CNT increases. When the gate voltage is increased above the threshold voltage, the electrostatic force is great enough to push the drain nanotube into electrical contact with the source and current can flow between the source and drain. The mechanical movement of the CNTs causes the current between MWCNTs to increase sharply above the threshold gate bias, which is lower than 4.5 V. This value decreases marginally when the drain bias is increased to 0.15 V. There is no leakage current between the gate and drain, evidenced by the drain current between MWCNTs showing a saturated characteristic above threshold voltage. This excellent "on-off" property and low driving FIG. 2. ͑Color online͒ A schematic illustration of fabrication steps and SEM images of the device. ͑a͒ 2 ⑀m polymethyl methacrylate ͑PMMA͒ coating after the CNT growth process. 30 nm SiN x deposition by PECVD; this film thickness decides the gap between the drain CNT and the vertical gate. ͑b͒ E-beam lithography with substrate tilting. ͑c͒ Cr layer deposition and lift-off process. ͑d͒ 400 nm PMMA coating and ashing process to remove the thin PMMA on the vertical CNT and gate structure. ͑e͒ Device working image illustration after selective etching process of SiN x . ͑f͒ SEM image of the fabricated device. The scale bar corresponds to 500 nm.
voltage of the device open up the possibility of various applications for electronics such as static random access memory ͑SRAM͒. We have already shown the dynamic random access memory application of CNT-NEM switch. 5 However, the driving voltage is too high for SRAM applications due to their two cross-coupled inverter design, i.e., the gate line of one transistor connects to the drain line of the other transistor. 12 If the gate driving voltage is high, the high bias is applied to the drain of the other transistor and the state can cause severe damage or "burning-out" of the device. The low driving voltage of this new CNT-NEM switch is similar to the driving bias of the traditional metal-oxidesemiconductor field effect transistor, meaning that the switch can be applied to various memory designs. The very low voltage between the CNTs ͑0.1 V͒ with low gate bias also allows the device to be used in mechatronic applications, such as the nanogripper, as when the gripper holds a conductive nanosize object, a high applied voltage between two grippers may pass a high current through the target object and cause it severe damage. The low driving voltage also considerably enhances the reliability of the device.
We have shown a vertical CNT-NEM switch with low drive voltage. The SiN X coating process allows the fabrication of a vertical gate structure with a narrow drain/gate gap without the need for a complicated lithography process. The strong electrical field between the vertical gate structure and the drain means the device can be operated at a low bias. The low working bias increases the possibility of using the device for nanogripper and other mechatronic applications. FIG. 3 . ͑Color online͒ Device working characteristics of a NEM switch. Positive charges accumulated on the vertical gate structure push the drain CNT effectively above threshold voltage ͑ϳ4.5 V͒. The contact state between the drain CNT and the source CNT makes current flow between them. The current change slope is almost vertical, which shows good on-off property for electronic applications. I d is the current between the drain and the source. V g is the voltage of the gate.
